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Protein phosphatase 2A (PP2A) has been implicated to

exert its tumor suppressive function via a small subset

of regulatory subunits. In this study, we reported that the

specific B regulatory subunits of PP2A B56c1 and B56c3

mediate dephosphorylation of p53 at Thr55. Ablation of

the B56c protein by RNAi, which abolishes the Thr55

dephosphorylation in response to DNA damage, reduces

p53 stabilization, Bax expression and cell apoptosis. To

investigate the molecular mechanisms, we have shown

that the endogenous B56c protein level and associa-

tion with p53 increase after DNA damage. Finally, we

demonstrate that Thr55 dephosphorylation is required

for B56c3-mediated inhibition of cell proliferation and

cell transformation. These results suggest a molecular

mechanism for B56c-mediated tumor suppression and

provide a potential route for regulation of B56c-specific

PP2A complex function.
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Introduction

Protein phosphatase 2A (PP2A) is a major cellular serine/

threonine phosphatase that plays an important role in balan-

cing phosphorylation signals critical for cell proliferation and

differentiation (Virshup, 2000; Schonthal, 2001; Van Hoof and

Goris, 2003; Janssens et al, 2005). PP2A consists of a cata-

lytic subunit (C), a scaffolding subunit (A) and a regulatory

subunit (B). It exists in mammalian cells as either a core

heterodimer (AC) or a heterotrimer (ABC). In general, the

catalytic subunit (C) always associates with the scaffolding

subunit (A) within the cell. The AC heterodimer can also bind

to a B regulatory subunit to form the heterotrimeric holoen-

zyme. Various B subunits can be categorized into four distinct

families on the basis of homology, namely B (B55 or PR55), B0

(B56 or PR61), B00 (PR48/59/72/130) and B0 00 (PR93/110). Each

of these B families is composed of several isoforms (Sontag,

2001). It is believed that PP2A exercises regulatory flexibility

and substrate specificity through the specific association of the

core dimer with one of the regulatory B subunits. This

characteristic of PP2A contributes to its ability to regulate a

multitude of cell functions. The diversity of possible combina-

tions of PP2A subunits that exist as functional holoenzymes

also allows this protein to be distinctly regulated.

PP2A functions as a positive and negative regulator of the

cell cycle, in the latter capacity potentially acting as a tumor

suppressor. The potential tumor suppressive function of

PP2A might be achieved by a small subset of PP2A holo-

enzymes with particular subunit compositions. For example,

B56g3 was found to be involved in cell growth and prolifera-

tion control (Chen et al, 2004; Van Hoof and Goris, 2004). The

PP2A B56g3 gene belongs to the PP2A B56 family (also called

B’ or PR61 subunit), which consists of B56a (PPP2R5A), B56b
(PPP2R5B), B56g (PPP2R5C), B56d (PPP2R5D) and B56e
(PPP2R5E) (Csortos et al, 1996; McCright et al, 1996). The

PP2A B56g gene locus resides at 14q32.2 and encodes four

differentially spliced forms, PP2A B56g1, g2, g3 and g4

(Muneer et al, 2002; Ortega-Lazaro and del Mazo, 2003). As

a phosphatase, PP2A was hypothesized to exert its tumor

suppressive function by responding to genotoxic stress and

acting as a signal transducer to dephosphorylate proteins

involved in cell growth and proliferation. In fact, dephos-

phorylation of p53 by PP2A was first suggested by the finding

that treatment of cells with okadaic acid (OA), a PP1/PP2A

phosphatase inhibitor, leads to the hyperphosphorylation of

cellular p53 protein (Yatsunami et al, 1993; Zhang et al,

1994). More recently, PP2A has been shown to directly

dephosphorylate p53 at Ser37 in response to g irradiation

(Dohoney et al, 2004). However, despite the progress in

delineating the significance of PP2A in dephosphorylating

p53 and in regulating cell growth, the composition, role and

regulation of the individual regulatory subunits in these

processes remain largely undefined.

p53 functions as a transcriptional factor and induces

growth arrest or programmed cell death in response to geno-

toxic stress (Vogelstein et al, 2000; Sharpless and DePinho,

2002). p53 protein stability and activity are modulated mainly

through post-translational modifications. Previous studies in

our laboratory showed that p53 is phosphorylated at Thr55

by TATA box binding protein-associated factor 1 (TAF1)

under normal cellular growth conditions, and this phosphor-

ylation promotes proteasome-mediated degradation of p53

(Li et al, 2004). In response to DNA damage, Thr55 phos-

phorylation was found to decrease rapidly (Li et al, 2004),

which is associated with p53 protein accumulation. This

observation inspired us to explore the role of phosphatase(s)

in Thr55 dephosphorylation and activation.Received: 24 July 2006; accepted: 29 November 2006
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In the present study, we report that the inhibition of PP2A

activity by OA blocks Thr55 dephosphorylation in response

to DNA damage. Furthermore, we identified the specific B

regulatory subunit of PP2A B56g that is associated with p53

in vivo and responsible for Thr55 dephosphorylation.

Overexpression of B56g3 inhibits cell proliferation and cell

transformation in a p53-dependent manner. Consistent with

these observations, inhibition of the B56g protein by RNAi

reduces DNA damage-induced p53 stabilization, Bax expres-

sion and cell apoptosis. To investigate the molecular mechan-

isms, we have shown that the endogenous B56g protein

level and association with p53 increase after DNA damage.

Collectively, our data present the first evidence that the B56g-

containing complexes of PP2A function as tumor suppressors

by, at least in part, dephosphorylating p53 at Thr55 and

provide insights into the regulation of B56g- and B56g-

specific PP2A complexes in response to DNA damage.

Results

PP2A dephosphorylates p53 at Thr55 in response

to DNA damage

We previously observed a reduction in Thr55 phosphoryla-

tion in response to DNA damage. To investigate whether

PP2A is responsible for this dephosphorylation, we tested

the effect of the PP2A inhibitor OA on the endogenous Thr55

phosphorylation level. U2OS cells were treated with 10 nM to

1 mM OA and Thr55 phosphorylation was detected using a

Thr55 phospho-specific antibody (Ab202; Gatti et al, 2000).

As shown in Figure 1A, an increase in Thr55 phosphorylation

was clearly detected with 100 nM OA. As controls, the phos-

phorylation of Ser37, a previously identified dephosphoryla-

tion site for PP2A (Dohoney et al, 2004), was also detected

under the same conditions, whereas the phosphorylation of

Ser15 and Ser20 was unaffected until cells were treated with

1 mM OA (Figure 1A). To confirm the OA treatment results,

U2OS cells were also treated with calyculin (CA), another

PP2A inhibitor. As shown in Figure 1B, increased Thr55

phosphorylation was detected at all concentrations tested.

Together, these results indicate that PP2A may play a role in

p53 dephosphorylation at Thr55.

To provide evidence that PP2A is directly involved in p53

dephosphorylation at Thr55, we determined whether cellular

p53 protein could complex with the PP2A core enzyme

in vivo. U2OS cell lysates were immunoprecipitated with

anti-p53 antibody (DO-1) and the resulting immunocom-

plexes were analyzed by immunoblotting with anti-PP2A C

and A antibodies (IP/IB). As indicated in Figure 1C, immuno-

precipitation of p53 resulted in co-precipitation of PP2A. No

PP2A was detected when a control antibody (IgG) was used.

As cyclin G has been shown to recruit PP2A to Mdm2 that

complexes with p53 (Okamoto et al, 2002), we tested

whether the interaction of PP2A and p53 observed in our

study could be due to the presence of cyclin G/Mdm2. As

shown in Figure 1C, no interaction between p53 and cyclin G

was detected.

To confirm the interaction, we performed a microcystin-

conjugated bead binding assay. Microcystin binds PP1 and

PP2A with high affinity (Runnegar et al, 1995; Takai et al,

1995). U2OS cell lysate was incubated with microcystin beads

and the proteins that associated with the beads were

subjected to immunoblotting with anti-p53, anti-vinculin,

anti-PP2A C, anti-PP2A A and anti-cyclin G antibodies. As

shown in Figure 1D, a small portion of total cellular p53 was

indeed associated with the microcystin beads. As a negative

control, microcystin beads were preincubated with 50 nM OA,

which specifically competes with microcystin for binding to

the PP2A C subunit (þOA; Figure 1D). The presence of cyclin

G protein in the microcystin pull-down is consistent with the

finding that cyclin G assembles into a quarternary complex

with PP2A enzyme (Okamoto et al, 2002). However, cyclin G

was not detected in the IP/IB experiments, as shown in

Figure 1C, which indicates that p53 does not associate with

the cyclin G–PP2A complex. These data suggest that the

subset of PP2A complexes involved in p53 dephosphorylation

at Thr55 may be distinct from the cyclin G-containing PP2A

complex responsible for Mdm2 dephosphorylation.

Our results that PP2A phosphatase activity is involved in

Thr55 dephosphorylation of p53 prompted us to test whether

PP2A may play a role in Thr55 dephosphorylation in

response to DNA damage. As reported previously (Li et al,

2004), a reduction in Thr55 phosphorylation was observed after

both IR (Figure 1E) and UV irradiation (Figure 1F). Treating

cells with OA, however, completely abolished the reduction

(Figure 1E and F). As a control, Ser15 phosphorylation was not
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Figure 1 Inhibition of PP2A abolishes DNA damage-induced Thr55
dephosphorylation. (A) U2OS cells were treated with OA for 2 h at
different concentrations. p53 protein as well as Thr55, Ser15, Ser37
and Ser20 phosphorylation levels were detected with the indicated
antibodies. (B) Thr55 phosphorylation in cells treated with calycu-
lin A (CA). (C) U2OS whole-cell extracts were immunoprecipitated
with anti-p53 antibody and immunoblotted with anti-PP2A C, anti-
PP2A A, anti-cyclin G and anti-vinculin antibodies. (D) U2OS
lysates were incubated with microcystin beads in the absence (�)
or presence (þ ) of 50 nM OA. Proteins associated with beads were
analyzed by Western blot analysis with the indicated antibodies. (E,
F) U2OS cells were exposed to IR (E) or UV (F) radiation in the
absence (DMSO control) or presence of 200 nM okadaic acid (OA).
The cells in (E) were treated with OA for 1 h and the cells in (F) were
treated for 3 h. To normalize the p53 protein level, cells were treated
with MG132 before irradiation. Cells were harvested after DNA
damage at the times indicated and Thr55 and Ser15 phosphoryla-
tion was assayed.
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affected in the presence of OA (Figure 1F). These data suggest

that PP2A plays a specific role in Thr55 dephosphorylation

in response to DNA damage. Because the 3 h OA treatment

increases the Thr55 phosphorylation levels, lesser amounts of

loading (1/3) were also used to exclude the possibility that

overloading may mask minor changes in Thr55 phosphoryla-

tion after DNA damage.

Specific PP2A regulatory subunits, B56c1 and

B56c3, mediate Thr55 dephosphorylation

Because the B subunit of PP2A is believed to mediate the

substrate specificity of PP2A, we hypothesized that one or

more B subunit(s) may mediate the interaction between PP2A

and p53. We overexpressed seven HA-tagged B subunits from

different B families in U2OS cells and observed interactions

between p53 and two isoforms of B56g, B56g1 and B56g3, as

well as B55a, a widespread and ubiquitously expressed PP2A

B regulatory subunit (Figure 2A and data not shown).

Next, we determined whether overexpression of the B

subunits that interact with p53 promotes Thr55 dephosphor-

ylation by PP2A. As shown in Figure 2B, overexpression of

the B56g1 and B56g3 subunits markedly decreased Thr55

phosphorylation, whereas overexpression of B56a, which

does not interact with p53 (Figure 2A), had little effect on

Thr55 phosphorylation. Interestingly, although B55a was

shown to interact with p53 in the co-immunoprecipitation

assay (Figure 2A), its overexpression did not affect Thr55

phosphorylation, which suggests that this subunit does not

mediate p53 dephosphorylation at Thr55. To ensure that

the HA-tagged B subunits were overexpressed as functional

regulatory proteins, their interactions with the A and C

subunits of PP2A were confirmed in co-immunoprecipitation

assays (Figure 2C). Furthermore, the OA treatment comple-

tely blocked the dephosphorylation by B56g1 and B56g3

(Figure 2B, right), which indicates that these two B56g
subunits specifically mediate p53 dephosphorylation by

PP2A at Thr55.

Because previous studies in our laboratory indicated that

Thr55 phosphorylation promotes p53 protein degradation,

our finding that overexpression of the B56g1 and B56g3

subunits decreases Thr55 phosphorylation prompted us to

investigate a subsequent stabilization of p53. To our surprise,

however, we found that compared with cells transfected with

B56a and B55a, which had no effect on Thr55 phosphoryla-

tion, the endogenous p53 protein level in cells transfected

with the B56g1 and B56g3 subunits was largely unaffected

(Figure 2D). As B56g3 has been shown to mediate Mdm2

dephosphorylation and therefore enhance Mdm2-mediated

p53 degradation (Okamoto et al, 2002), the unchanged p53

protein level may be due to the combinatory effects of Hdm2

(the human homologue of Mdm2) dephopshorylation, which

leads to Hdm2 activation and subsequent p53 degradation,

and Thr55 dephosphorylation, which leads to p53 stabiliza-

tion. However, Thr55 dephosphorylation may activate p53

function without changing its protein levels. To test this

possibility, we showed that the p21 protein levels were indeed

increased under the B56g3 and B56g1 overexpression condi-

tions (Figure 2D), which suggests that B56g-mediated Thr55

dephosphorylation contributes to p53 activation.

To provide direct evidence that the B56g3-containing PP2A

complexes dephosphorylate p53 at Thr55, we performed an

in vitro dephosphorylation assay using immunoprecipitated

B56g3-containing PP2A complexes and baculovirus-

expressed and purified p53 that is enriched for phosphoryla-

tion at Thr55 by coinfection with TAF1 (Figure 2E). Thr55

phosphorylation levels in the reaction mixture were

assayed with Thr55 phospho-specific antibody. As shown in

Figure 2F, the addition of immunoprecipitated B56g3-contain-

ing PP2A complexes to the Thr55 phosphorylated p53 protein

resulted in a marked reduction in Thr55 phosphoryla-

tion, whereas control immunoprecipitations had no effect

on dephosphorylation. Furthermore, the OA treatment com-

pletely blocked dephosphorylation by immunoprecipitated

B56g3-containing PP2A complexes (Figure 2F). Collectively,

our data support the hypothesis that B56g3-specific PP2A

directly dephosphorylates p53 at Thr55.
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Figure 2 Specific B regulatory subunits B56g1 and B56g3 interact
with p53 and are responsible for Thr55 dephosphorylation. (A) HA-
tagged B55a, B56a, B56g1 and B56g3 were overexpressed in U2OS
cells. Cell lysates were immunoprecipitated with anti-p53 antibody
and immunoblotted with anti-HA antibody. (B) Thr55 phosphoryla-
tion levels were analyzed by phospho-specific antibody for Thr55
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To further explore the role of B56g in regulating Thr55

dephosphorylation and p53 function, we designed specific

siRNA oligos to knock down endogenous B56g proteins. As

shown in Figure 3A, the cellular B56g3 protein was success-

fully ablated by the specific siRNA oligos, whereas the protein

level of B56a and B56b, two other B56 family isoforms,

remained unchanged. However, the endogenous Thr55 phos-

phorylation level was largely unaffected by B56g ablation

(Figure 3A). Because PP2A plays a role in Thr55 dephos-

phorylation in response to DNA damage (Figure 1), we

reasoned that B56g might specifically function after DNA

damage. To test this possibility, we assayed Thr55 dephos-

phorylation after DNA damage under the B56g ablation

condition. Compared with controls, the knockdown of en-

dogenous B56g proteins in U2OS cells indeed abolishes Thr55

dephosphorylation in response to both UV and IR treatments

(Figure 3B). In contrast, the knockdown of B56g has no

effect on Ser37 phosphorylation (Figure 3B). These data

suggest that B56g specifically dephosphorylates p53 at

Thr55 in response to DNA damage. Significantly, a decrease

in p53 stabilization (4.5-fold versus 6-fold) and Bax induction

(3.7-fold versus 2.2-fold) was observed under B56g ablation

conditions in the absence of the proteosome inhibitor MG132

(Figure 3C), which indicates that B56g plays a role in p53

activation in response to DNA damage. To further investigate

the functional link between B56g-mediated Thr55 depho-

sphorylation and p53 activation, we determined whether

B56g-mediated Thr55 dephosphorylation could play a role

in cell apoptosis in response to DNA damage. As shown in

Figure 3D, UV treatment causes 55.1% of cells to undergo

apoptosis, whereas under the B56g ablation condition, the

same treatment only results in 19.2% of cells to undergo

apoptosis. As the antibody specific for PP2A B56g used in

these experiments recognizes only the B56g2

and B56g3 splice variants, we were not able to determine

whether B56g1 and B56g4 were also ablated. However, as

B56g1, B56g2, B56g3 and B56g4 share exons 1–11, the

introduction of the specific siRNA oligos should target

all four B56g isoforms. In light of the previously demon-

strated inhibition of Thr55 phosphorylation by overexpres-

sion of B56g1 and B56g3 (Figure 2), these results suggest that

at least two of the B56g isoforms, g1 and g3, function to

mediate dephosphorylation of p53 at Thr55 in response

to DNA damage.
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Figure 3 B56g mediates Thr55 dephosphorylation in response to DNA damage. (A) U2OS cells were transfected with siRNA oligos targeted to
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A recent study has indicated that SV40 small t antigen

(t ag) displaces the B56g3 subunit from the PP2A trimeric

holoenzyme, leading to cell transformation (Chen et al,

2004). To confirm the B56g ablation results, t ag was over-

expressed in U2OS cells (Figure 3E) and Thr55 phosphoryla-

tion levels were assayed under normal growth and DNA

damage conditions. Compared with cells transfected with

the empty CMV vector, overexpression of t ag in U2OS cells

abolished Thr55 dephosphorylation under DNA damage but

not normal growth conditions (Figure 3F). These results

support the notion that the specific PP2A regulatory subunits,

B56g1 and B56g3, mediate Thr55 dephosphorylation in

response to DNA damage.

B56c is upregulated in response to DNA damage

The observation that B56g mediates dephosphorylation of

p53 at Thr55 under DNA damage but not normal growth

conditions prompted us to investigate the mechanisms

involved in the DNA damage-induced dephosphorylation.

U2OS cells were exposed to g-irradiation and B56g protein

level was assayed by immunoblotting. Interestingly, the

B56g2 and B56g3 protein levels increased rapidly after irra-

diation (Figure 4A). The protein level of the B55a subunit,

which we found to be associated with p53, as well as that of

the PP2A C and A subunits remained constant after DNA

damage. These results are consistent with the finding

that overexpression of the B56g subunits decreases Thr55

phosphorylation (Figure 2) and suggest that the DNA damage

increases the B56g protein level, which plays a role in

recruiting the PP2A C subunit to p53 and sequential Thr55

dephosphorylation. To test this hypothesis, we compared the

interaction between endogenous B56g and p53 before and

after DNA damage. As shown in Figure 4B, a significant

increase in B56g–PP2A C association was detected after

DNA damage by microcystin bead pull-down assay. In con-

trast, the association of B55a–PP2A C remained unchanged

after DNA damage. Likewise, increased association of the

PP2A C, A and B56g subunits with p53 was also detected after

DNA damage with IP/IB (Figure 4C), suggesting an enhanced

interaction of p53 and B56g-specific PP2A complexes.

Collectively, these results indicate that DNA damage in-

creases the B56g protein level and enhances the formation

of B56g-specific PP2A complexes, which, in turn, lead to

dephosphorylation of p53 at Thr55.

B56c3 inhibits cell proliferation and transformation

in a p53-dependent manner

As B56g3 has been reported to inhibit cell proliferation in

lung cancer cells (Chen et al, 2004), we proceeded to test

whether B56g3 could function through dephosphorylation

of p53. We considered the possibility that different cell

lines might differ in ways other than p53 status, and therefore

chose the HCT116 p53�/� and p53þ /þ human colon

cancer cells (Bunz et al, 1998). Compared with cells trans-

fected with the empty CMV vector, overexpression of B56g3

in HCT116 p53þ /þ cells reduced cell proliferation

(Figure 5A, left). In contrast, overexpression of B56g3 in

HCT116 p53�/� cells had a much less effect on cell pro-

liferation (Figure 5A, right). The presence of overexpressed

B56g3 during the analysis was confirmed by immunoblotting

analysis (Figure 5C, left). Notably, significant increases in the

p21 protein levels were also observed in HCT116 p53þ /þ ,

but not in p53�/�, cells under the B56g3 overexpression

conditions (Figure 5C, left). Cell doubling times from three

independent cell growth experiments are shown in Figure 5D.

These results indicate that B56g3 inhibits cell proliferation,

at least in part, through p53.

To assay the role of p53 dephosphorylation in B56g3-

mediated inhibition of cell proliferation, we reintroduced

wild-type p53 and a p53 dephosphorylation mutant (altera-

tion of Thr to Asp at position 55, T55D) into H1299 human

lung cancer cell line, a p53�/� cancer cell line, and assayed

the effect of B56g3 on cell proliferation rate. As in HCT116�/�
cells, overexpression of B56g3 alone had a moderate effect on

cell proliferation rate in H1299 cells (data not shown).

Overexpression of B56g3 together with wild-type p53, how-

ever, significantly inhibits cell proliferation (Figure 5B),

supporting the notion that B56g3 inhibits cell proliferation

in a p53-dependent manner. By comparison, introduction

of B56g3 together with T55D failed to significantly affect

the proliferation rate. The presence of overexpressed

B56g3 and p53 during the analysis was confirmed by

immunoblotting analysis (Figure 5C, right). Cell doubling

times from three independent cell growth experiments are

B56γ2 and 3

B56γ2 and 3

B55α

B55α

PP2A C

PP2A A

p53

S37-P

Vinculin

0 20′  30′ 40′ IR

T55-P

p53 IPIgGInput

Mock IR Mock IR Mock IR

–OA+OAInput

Mock IR Mock IR Mock IR

PP2A C

Vinculin

p53

PP2A A

IB

A B C
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shown in Figure 5D. These results suggest that p53 dephos-

phorylation contributes to B56g3-mediated inhibition of cell

proliferation.

The observation that B56g3 inhibits cell proliferation in a

p53-dependent manner prompted us to investigate whether

B56g3 affects p53-induced cell G1 arrest. As shown in

Figure 6A, overexpression of p53 resulted in more cells in

the G1 phase (from 52 to 60%) and fewer in the S phase

(from 19 to 14%) in H1299 cells and more importantly, the

p53-induced cell G1 arrest is significantly enhanced by

B56g3. Overexpression of T55D also induces cell G1 arrest.

However, B56g3 has no effect on the T55D-induced cell G1

arrest (Figure 6A). In light of the previous demonstration that

B56g3 significantly inhibits cell proliferation in the presence

of wild-type p53, but not T55D (Figure 5), these results

suggest that B56g3 induces cell G1 arrest in a p53 dephos-

phorylation-dependent manner.

Because B56g3 suppression has been linked to cell trans-

formation and tumorigenicity (Chen et al, 2004), we reasoned

that B56g3 might function through dephosphorylation of p53

at Thr55. To test this, we assayed whether p53 is required for

inhibition of anchorage-independent cell growth by B56g3.

As shown in Figure 6B, the HCT116 p53þ /þ human colon

cancer cells transfected with B56g3 formed much less colo-

nies in soft agar than those formed by the cells transfected

with a control vector. In contrast, the HCT116 p53�/� human

colon cancer cells transfected with B56g3 formed only

slightly less colonies in soft agar than those formed with a

control vector. These data suggest that B56g3 inhibits ancho-

rage-independent cell growth in a p53-dependent manner.

Time (h) 

C
el

l n
um

be
r 

(×
 1

05 )
C

el
l n

um
be

r 
(×

 1
05 )

HCT116 p53+/+ HCT116 p53−/−

HCT116 p53+/+ HCT116 p53−/− H1299-p53 H1299-T55D

0
0 20 40 60 80 100 120

Time (h) 
0

M M M 0 024 2448 4872 7296 96120 120 hM0 024 2448 4872 7296 96120 120 h

20 40 60 80 100 120
Time (h) 

0 20 40 60 80 100 120

Time (h) 
0 20 40 60 80 100 120

15

30

20

10

0

C
el

l n
um

be
r 

(×
 1

05 ) 30

20

10

0

30

45

60

75

90

C
el

l n
um

be
r 

(×
 1

05 )

0

15

30

45

60

75

90

H1299+WT p53 H1299+T55D 

WT

WT+ B56γ 3

T55D

T55D+ B56γ 3

EV

B56γ 3

EV

B56γ 3

24.4 ± 0.223.0 ± 0.4HCT116 p53−/−

25.0 ± 0.6 23.9 ± 0.1 H1299-T55D

29.0 ± 0.524.1 ± 0.3H1299-p53

27.3 ± 0.423.3 ± 0.2HCT116 p53+/+

Doubling time
(B56γ 3 overexpression)

Doubling time
(EV control)

B56 γ

Vinculin

p53

p21

A

B

C

D

Figure 5 B56g3 inhibits cell proliferation in a p53-dependent manner. Representatives of cell proliferation of the HCT116 human colon cancer
cell lines (A) or the H1299 human lung cancer cell line (B) transfected with either B56g3 or a control CMV empty vector. H1299þp53: H1299
transfected with wild-type p53; H1299þT55D: H1299 transfected with T55D. Error bars show average7s.d. from triplicate plates in one
representative experiment. (C) Immunoblotting of the transfected HA-B56g3, endogenous B56g3/B56g2, p53 and p21 proteins in HCT116 and
H1299 cells. M: empty vector-transfected cell lysate at seeding. (D) Cell doubling times show average7s.d. from three independent
experiments. EV: empty vector.

PP2A dephosphorylates p53 at Thr55
H-H Li et al

&2007 European Molecular Biology Organization The EMBO Journal VOL 26 | NO 2 | 2007 407



To assay the role of Thr55 dephosphorylation in B56g3-

mediated inhibition of anchorage-independent cell growth,

we reintroduced wild-type p53 and T55D into H1299 human

lung cancer cell line and assayed the effect of B56g3 on

colony formation in soft agar. As shown in Figure 6C, over-

expression of B56g3 together with wild-type p53 significantly

reduced colony formation in soft agar, whereas introduction

of B56g3 together with T55D had only a moderate effect on

anchorage-independent cell growth (Figure 6C). These data

support the notion that B56g3 inhibits anchorage-indepen-

dent cell growth through dephosphorylation of p53 at Thr55.

Collectively, our data provide a molecular basis for B56g3-

mediated tumor suppression.

Discussion

In this study, we show that PP2A dephosphorylates the tumor

suppressor p53 at Thr55 in response to DNA damage.

Importantly, we identified a specific B regulatory subunit of

PP2A, B56g, which mediates Thr55 dephosphorylation by

PP2A and showed that B56g3 inhibits cell proliferation and

transformation in a p53-dependent manner. Furthermore,

we report an induction in B56g protein level and in the

association with p53 in response to DNA damage and

provide insights into regulation of B56g- and B56g-specific

PP2A complexes. The implications of our findings in

relation to the tumor suppressive function of PP2A are

discussed as follows.

B56c3 as a tumor suppressor and implication

in human cancers

Several lines of evidence have linked B56g isoforms to PP2A’s

tumor suppressive function. For example, a melanoma cell

line with a truncated B56g1 isoform showed increased inva-

siveness and enhanced malignant phenotypes as compared

with its parental melanoma cell line (Ito et al, 2003).

Moreover, B56g was absent in all 10 human lung cancer

cell lines investigated, whereas the PP2A C, A and B levels

were within the normal range (Chen et al, 2004).

Interestingly, Chen et al (2004) also found that suppression

of B56g expression increased cell proliferation and permitted

anchorage-independent growth, similar to the functional
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consequences of small t overexpression. These results sug-

gest that B56g is involved in cell growth and proliferation

control. Because the individual B regulatory subunit is

believed to specifically recruit substrates to the PP2A holo-

enzyme, the most likely molecular mechanisms for the action

of B56g tumor suppression should be related to the functions

of the proteins that B56g targets for dephosphorylation by

PP2A. Indeed, B56g3-containing PP2A complexes were re-

cruited by cyclin G to Mdm2, which leads to dephosphoryla-

tion of Mdm2 at Thr216. The resulting hypophosphorylated

Mdm2, however, is more efficient for p53 degradation

(Okamoto et al, 2002). Although these studies provide evi-

dence that the B56g3-containing PP2A complexes affect p53

stability, the function of the dephosphorylation (which leads

to p53 degradation) corresponding to the role of B56g3 as

a potential tumor suppressor remains unclear.

In the present study, we identified B56g as the B regulatory

subunit responsible for Thr55 dephosphorylation of p53, thus

providing a molecular basis for B56g’s function as a potential

tumor suppressor. Owing to the fact that mouse Mdm2 is not

present in our system, we were unable to investigate the

effect of Thr216 dephosphorylation on Thr55 dephosphory-

lation and p53 stability. It is possible that, under our

assay conditions, cyclin G recruits B56g3-containing PP2A

complexes to dephosphorylate Hdm2. The fact that B56g
overexpression, which leads to Thr55 dephosphorylation

(Figure 2B), did not change the p53 protein levels

(Figure 2D) supports this view. The combinatory effects of

Hdm2 dephosphorylation, which leads to Hdm2 activation

and subsequent p53 degradation, and Thr55 dephosphoryla-

tion, which leads to p53 stabilization, would lead to un-

changed p53 protein level.

Finally, emerging evidence has begun to indicate that PP2A

plays an important role in cell transformation, particularly

in human cancer. Interestingly, a recent study suggests that

perturbation of two signaling pathways, involving p53 and

Raf, suffices for the tumorigenic conversion of normal murine

fibroblasts, whereas perturbation of six pathways, involving

p53, pRb, PP2A, telomerase, Raf and Ral-GEFs, is needed for

human fibroblasts, which indicates the importance of PP2A

in human cancer progression (Rangarajan et al, 2004).

Because Thr55 is absent in mouse p53, it is tempting to

speculate that our discovery may also provide a molecular

basis for this human-specific tumor suppressive function of

PP2A. Ultimately, it will be interesting to test this hypothesis

in human cancer samples to further understand the roles of

PP2A and Thr55 dephosphorylation in human cancer.

Mechanisms for activation of B56c3-specific PP2A

complexes

Although the B56g-containing PP2A complex has been shown

to function as a tumor suppressor, little is known about its

regulation in response to DNA damage. Our studies establish,

for the first time, that B56g is upregulated after DNA damage

and thus reveal a mechanism for understanding the potential

tumor suppressive function of PP2A. This finding has two

implications. First, although PP2A is considered a single

enzyme, it actually represents a family of specifically modu-

lated enzymes that regulate many different pathways within

the cell. For this reason, tight regulation of each PP2A

enzyme is very important. Much research has been carried

out on the regulatory B subunits of PP2A, but the precise

regulatory mechanisms that control PP2A B subunit compo-

sition are still poorly understood. The increase in B56g3

protein level may thus provide a general mechanism for

regulation of specific PP2A function.

Second, our observation of the increase in B56g3 protein

level and p53 association after DNA damage may illustrate a

potential route for regulation of PP2A tumor suppressor

function in response to DNA damage. Although the under-

lying molecular mechanisms are unclear, the fact that B56g3

protein levels increased in response to DNA damage in a

manner similar to p53 suggests that similar mechanisms may

apply to the regulation of B56g3. Clearly, more studies are

needed to further understand the mechanisms of B56g3

regulation.

The dynamics of Thr55 phosphorylation

We previously showed phosphorylation of p53 at Thr55 by

TAF1 under cell growth conditions, which leads to Mdm2-

mediated protein degradation and subsequent cell growth (Li

et al, 2004). In response to DNA damage, however, p53 was

dissociated from TAF1, resulting in reduced Thr55 phosphor-

ylation (Li et al, 2004). In the present study, we show that, in

addition to p53 dissociation from TAF1, association of p53

and B56g-containing PP2A complexes also plays a role in

Thr55 dephosphorylation. Although the precise mechanisms

involved in TAF1 dissociation and B56g-containing PP2A

complex association remain unclear, these studies imply

that balanced Thr55 phosphorylation may be important in

controlling cell growth and death (Figure 7). Just as keeping

p53 protein levels low is important for cell growth, keeping

the p53 protein prepared for a rapid and finely regulated

response to genotoxic stress is crucial in maintaining geno-

mic stability and preventing proliferation of damaged cells.

Thus, by dephosphorylating p53 at Thr55, B56g-containing

PP2A complexes shift the balance of Thr55 toward dephos-

phorylation in response to DNA damage, thereby functioning

as a tumor suppressor.

We by no means imply that the regulation of p53 by other

modifications is not important in controlling p53 protein

levels and transcriptional activity. In fact, our data that

p53 is associated with B56g-containing PP2A complexes in

response to DNA damage imply that other modifications

may occur on p53 before Thr55 dephosphorylation.

Likewise, B56g-containing PP2A complexes may also regulate

p53 through other pathways. For example, PP2A has been

shown to play a role in ARF signaling to p53 pathway (Moule
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Figure 7 A proposed model for the dynamics of Thr55 phosphor-
ylation by TAF1 and PP2A.
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et al 2004). Thus, it will be interesting to investigate the

interplay between different signaling pathways and Thr55

phosphorylation and to further elucidate under what condi-

tions the B56g-containing PP2A complexes exhibit tumor

suppressive function.

Materials and methods

Cell culture and plasmids
U2OS cells were cultured in McCoy’s 5A medium supplemented
with 10% fetal calf serum. To induce DNA damage, the cells were
subjected to UV radiation (10 J/m2) or g-radiation (6 Gy) and
harvested at the time points indicated. In PP2A inhibition
experiments, cells were treated with 0.01–1 mM OA, 0.1–0.5mM
CA or DMSO control for 2 h or as indicated.

B56a and B56g3 plasmids were gifts from Dr D Virshup. B55a
was amplified from the human B-cell cDNA library, a gift from Dr
J Bachant, and cloned into the pCMV5-HA vector in KpnI/BamHI
sites. SV40 t ag was amplified from rpSVP1A, a gift from Dr A Berk
at UCLA, and cloned into the pcDNA3.1 vector in HindIII/BamHI
sites. Both insertions were confirmed by DNA sequencing.

Western blot, immunoprecipitation and microcystin bead
binding assays
Whole-cell extract was prepared by lysing the cells in a buffer
containing 50 mM Tris–HCl (pH 8.0), 120 mM NaCl, 0.5% NP-40,
1 mM DTT, 2mg/ml aprotinin and 2 mg/ml leupeptin. Cell lysates
were subjected to SDS–PAGE, followed by Western blot analysis
with anti-p53 (DO1, Santa Cruz Biotechnology), anti-phospho-
Ser15 (Cell Signaling Technology), anti-phospho-Ser20 (Cell Signal-
ing Technology), anti-phospho-Ser37 (Cell Signaling Technology),
cyclin G (Santa Cruz Biotechnology), anti-PP2A A subunit
(Upstate), anti-PP2A C subunit (1D6, Upstate), anti-PP2A B subunit
(Upstate), anti-PP2A B56a (Santa Cruz Biotechnology), anti-PP2A
B56b (Santa Cruz Biotechnology), anti-PP2A B56g3 (a gift from Drs
C Kamibayashi and M Mumby, or generated by ourselves against
full-length B56g3), anti-Mdm2 (N-20, Santa Cruz Biotechnology) or
anti-vinculin (VIN-11-5, Sigma) antibodies. For Thr55 dephosphor-
ylation, the cell lysate was incubated for 6 h at 41C with 1.2ml of
phospho-specific antibody for Thr55 (Ab202) and 15ml of Protein A
agarose beads (Pierce Biotechnology). Beads were washed three
times with lysis buffer and proteins were eluted with Laemmli
sample buffer and subjected to immunoblotting. For interaction of
p53 with transfected B subunits, 1�107 U2OS cells were transfected
with 2mg HA-tagged B subunits using Lipofectamine (Invitrogen)
and lysed 28 h after transfection. Immunoprecipitation was per-
formed using 0.5mg of anti-p53 polyclonal antibody (FL393, Santa
Cruz) and 15ml of Protein A agarose beads. The amounts of B
subunits in the immunoprecipitates were determined by Western
blot analysis with anti-HA antibody. For interaction of p53 with
endogenous B56g3, 1 ml of U2OS cell lysate from 3�107 cells was
incubated with 0.5mg of FL393 antibody. For microcystin bead
binding assay, the U2OS cell lysate (from 4�107 cells) was
incubated with 20ml of microcystin beads (Upstate) for 2 h at 41C.
The beads were washed and the protein was dissociated from the
beads using Laemmli buffer and then subjected to immunoblotting.

In vitro PP2A dephosphorylation assay
Baculovirus-expressed p53 that is enriched for phosphorylation at
Thr55 via TAF1 coinfection was affinity-purified as described
(Piluso et al, 2005). To obtain B56g3-containing PP2A complex,
immunoprecipitation was performed with HA-B56g3-transfected
U2OS cell lysate (2�107 cells per IP) and 10ml of anti-HA antibody-
conjugated Protein A beads. The dephosphorylation assay was
performed in dephosphorylation buffer (20 mM HEPES, pH 7.0,
1 mM DTT, 1 mM MnCl2, 100 mg/ml BSA and 50 mM leupeptin)
(Scheidtmann et al, 2003) with immunoprecipitated B56g3-contain-
ing PP2A complex at 301C for 30 min in the presence or absence
of OA.

Inhibition of endogenous B56c3 by siRNA
Two 21-nt siRNA duplexes with 30dTdT overhangs corresponding to
the B56g3 cDNA sequences 305 (50-UCCUACGGGAGCGGAAUUU-30)
and 1045 (50-UCAGUGACAACGCAGCGAA-30) were synthesized.
Twenty picomoles of either B56g3 siRNA or a non-silencing control
oligo (Qiagen) was transfected into a 60-mm plate of U2OS cells
using Lipofectamine 2000 reagent according to the manufacturer’s
protocol (Invitrogen).

Cell apoptosis and cell cycle profile analysis
For apoptosis assay, U2OS cells were transfected with B56g-siRNA
or a non-silencing control siRNA (NS) and collected 20 h after UV
treatment, fixed, stained with propidium iodide and analyzed by
FACScan flow cytometry (Becton Dickinson) for apoptotic cells
(sub-G1) according to DNA content.

For cell cycle analysis, H1299 cells were transfected with B56g3
together with either wild-type p53 or T55D. Cells were harvested
60 h after transfection, fixed in paraformaldehyde and stained with
propidium iodide. Cell cycle phase distributions of GFP-positive
cells were determined by FACScan flow cytometry.

Cell proliferation and anchorage-independent growth assays
To generate proliferation curves for HCT116 cells, cells were
transfected with either B56g3 or a control CMV empty vector using
Fugene (Roche), seeded in triplicate and counted at 0, 24, 48, 72, 96
and 120 h post seeding. To generate proliferation curves for H1299
cells, cells were cotransfected with wild-type p53 or T55D and
B56g3 or a control CMV empty vector, seeded in triplicate and
counted at 0, 24, 48, 72, 96 and 120 h post seeding.

For anchorage-independent growth assays of HCT116 cells, cells
were transfected with either B56g3 or a control CMV empty vector,
seeded in triplicate in 0.35% Noble Agar (Fisher) and counted 4
weeks post seeding. For anchorage-independent growth assays of
H1299 cells, cells were cotransfected with wild-type p53 or T55D
and B56g3 or a control CMV empty vector, seeded in triplicate in
0.35% Noble Agar and counted 4 weeks post seeding.
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